We examined the role of soluble poliovirus receptor on the transition of native poliovirus (160S or N particle) to an infectious intermediate (135S or A particle). The viral receptor behaves as a classic transition state theory catalyst, facilitating the N-to-A conversion by lowering the activation energy for the process by 50 kcal/mol. In contrast to earlier studies which demonstrated that capsid-binding drugs inhibit thermally mediated N-to-A conversion through entropic stabilization alone, capsid-binding drugs are shown to inhibit receptor-mediated N-to-A conversion through a combination of enthalpic and entropic effects.
Poliovirus is a nonenveloped virus of the family Picornaviridae. Picornaviruses share an icosahedral capsid architecture consisting of 60 copies of four proteins, VP1, VP2, VP3, and VP4. The surface of the virion is dominated by prominent star-shaped mesas at the fivefold axes and three-bladed propeller-like features at the threefold axes. These surface features are separated by deep canyons encircling the fivefold axes. These canyons are involved in many essential aspects of capsid function. Structural studies have shown that the receptor footprints for major group rhinoviruses (19) and poliovirus (2, 10, 27) map to the canyon. At the base of the canyon underneath the receptor footprint, there is an entry to a long, narrow hydrophobic pocket within the ␤-barrel core of VP1. For most entero-and rhinoviruses, crystallographic studies have revealed that this pocket is occupied by an unidentified fatty acid-like moiety, or pocket factor (6, 12, 17, 18, 23) , which can be displaced by a family of capsid-binding antiviral drugs (9, 22) . Interestingly, the pocket factor and the antiviral drugs can exert large-scale, global effects on the capsid's conformational dynamics, which play a critical role in the viral life cycle.
When poliovirus attaches to its receptor, the particle converts irreversibly from the N (native or 160S) to the A (infectious [4] intermediate, or 135S) conformation. In the course of this uncoating transition, normally internal components, including VP4 and the N-terminal extension of VP1, are externalized. Externalization of these components has been shown to facilitate the attachment of the A particle to liposomes in vitro (7) , suggesting a mechanism for the entry of virus or viral RNA to the cell (1, 2) . Transient and reversible exposure of portions of VP4 and the N terminus of VP1 also occurs naturally at physiological temperatures (14) . This "breathing" process suggests that the particle is primed to undergo the N-to-A transition but cannot complete the transition in the absence of a trigger, i.e., the receptor. We have previously proposed that the receptor acts like an enzyme, accelerating the rate of the N-to-A transition at physiological temperature by lowering the activation energy (E a ) for the transition. Later in the cell entry process, the A particle undergoes further changes, which result in the release of the viral RNA and formation of an empty particle that sediments at 80S. The trigger RNA release is unknown. The N-to-A transition also can be induced by exposure of the virus to detergent-solubilized receptor (8, 11) or to the soluble ectodomain of the receptor at physiological temperature (see below), and both the N-to-A and A-to-empty transitions can also be induced in vitro by warming in hypotonic buffers containing millimolar levels of divalent cations (4, 25, 26) . Regardless of the mechanism used to induce the transition, capsid-binding antiviral drugs inhibit the N-to-A transition (3, 8, 25) .
Genetic data suggest that the pocket factor normally serves to regulate the stability of the virion (6), including regulating the N-to-A transition (16) . Direct experimental studies demonstrate that the capsid-binding drugs inhibit both receptorand heat-induced N-to-A transition. In the absence of receptor, the E a for the N-to-A transition is very large (145 kcal/mol) and is unaffected by the presence of antiviral drugs (25) . Thus, the drugs must inhibit the N-to-A transition via entropic stabilization of the native virion. This experimental observation is consistent with computational modeling studies that suggest that drug binding in the closely related rhinovirus 14 is accompanied by an increase in the compressibility of the capsid (20, 21, 24) . Others have shown that binding of antivirals to the rhinovirus VP1 pocket decreases the ability of the virus to undergo breathing at room temperature (13) .
In this work, we extend these studies by characterizing the effect of soluble poliovirus receptor (sPvr) on the kinetics of the N-to-A conversion. The results confirm the prediction that the receptor acts much like an enzyme, demonstrating that the receptor lowers the activation energy by approximately 50 kcal/ mol. The results also demonstrate that in the presence of receptor, drugs inhibit the conversion by a combination of enthalpic and entropic effects. Curiously, the E a for receptormediated conversion of a virus-drug complex with one of the drugs tested was higher than that for the virus-drug complex in the absence of receptor. Together, the results allow us to pro-pose a kinetic model for the receptor-mediated N-to-A transition.
MATERIALS AND METHODS
Growth, propagation, and purification of virus. The Mahoney strain of type 1 poliovirus (P1/M) was grown in HeLa cells grown in suspension and purified by differential centrifugation and CsCl density gradient fractionation as described previously (28) . [ 3 H]leucine-labeled P1/M was prepared as described previously (14) . Purified virus was dialyzed into phosphate-buffered saline (PBS) and concentrated to 5 mg/ml or greater in a microconcentrator (Microcon).
sPvr. Purified, mammalian cell-expressed sPvr (comprising residues 1 to 337 of the receptor's ectodomain and a C-terminal His 6 tag) was produced and purified as described previously (15) . Purified receptor was dialyzed into conversion buffer prior to use and stored at 4°C at a working concentration of 1. The plots show the natural logarithm of the concentration of unconverted 160S particle versus time. Each point is the average of three separate experiments; bars indicate the standard deviation of the average of the measurements. The data for the low-temperature reactions for all graphs were truncated for the sake of clarity of the higher-temperature data. Plots were generated using Microsoft Excel. Prior to loading of the sPvr sample, two conversion buffer blank scans from 25 to 80°C were executed to stabilize the instrument and provide a baseline.
Determination of rate constants for the N-to-A transition. Concentrated virus stocks (11 g) were incubated overnight at 4°C in 20-l volumes of conversion buffer containing either no drug, 40 M R77975, or 40 M R78206 (8) . The mixtures were equilibrated at room temperature for 15 min, and then the 20-l incubations were transferred to 1.5-l Eppendorf tubes containing 980 l of conversion buffer ϩ 0.25 M sPvr (see below) containing either no drug, 40 M R77975, or 40 M R78206 respectively. The tubes and their contents had been preequilibrated to a desired temperature in a Fisher Scientific model 9100 Isotemp refrigerated circulator. The temperatures of the samples were monitored by inserting a thermocouple probe into another 1.5-ml Eppendorf tube containing conversion buffer only in the water bath. In general, the temperature did not fluctuate by more than 0.1°C during any experiment.
At specific time intervals, 80-l aliquots of the reaction mixture were transferred to low-binding 500-l tubes (Marsh Products) containing 50 l of PBSϩ buffer (PBS, 1% Triton X-100, 0.1% sodium dodecyl sulfate, 0.5 mg of bovine serum albumin/ml) at 4°C. The extent of conversion to the A particle was assayed by immunoprecipitation using an A-particle-specific monoclonal antibody as described previously (25) .
The first-order rate constant for the receptor-mediated N-to-A conversion of virus and virus-drug complexes at each temperature was estimated from the slope of the log of percent remaining native virus versus time. Data for each temperature point were collected in triplicate, and standard deviations were determined for the time points. The average value for each time point was plotted, and a straight line was fit to the points by linear regression. The slopes were calculated using Microsoft Excel.
Sedimentation analysis of products of the poliovirus transitions. About 20,000 cpm of [ 3 H]Leu-labeled virus or virus-drug complex in the presence of 0.25 M sPvr was incubated at the highest temperature and longest time required to achieve the rate constants in Table 1 : for virus in 0.1% DMSO, 37°C and 200 for virus and R78206, 45°C for 100 s; and for virus and R77975, 43°C for 110 s. The 135S marker was generated by incubating native virus to 50°C for 2 min (4); the 80S marker was generated by incubating native virus to 60°C for 10 min. All incubations were rapidly quenched by addition of an equal volume of ice-cold PBSϩ buffer and immediate transfer to ice. The samples were then overlaid onto 12-ml 15 to 30% sucrose gradients. The gradients were developed at 39,000 rpm for 2.3 h at 4°C and then fractionated from the top.
Kinetic analysis. The E a as for receptor-mediated N-to-A conversion of virus and virus-drug complexes were determined from the slopes of the Arrhenius plots, in which the natural log of the first-order rate constant was plotted versus Ϫ1/RT. Since the temperature data were collected in triplicate, the average values and standard deviations were plotted, and lines were fit to the data by linear regression. The slopes were calculated using Microsoft Excel.
RESULTS AND DISCUSSION
sPvr-mediated N-to-A transitions are first order. To examine the effect of sPvr on the rate constant of the N-to-A transition, virus and virus-drug complexes were incubated at various temperatures in the presence of 0.25 M sPvr. At the concentrations of sPvr and virus used in the conversions, the receptor-to-binding site ratio is ϳ450:1. The kinetics and thermodynamics of poliovirus-sPvr interactions are complex. Surface plasmon resonance studies have identified two binding modes with K D s of 0.67 and 0.11 M at 20°C (15) . The relative abundance of high-affinity sites increases from 12% at 5°C to 46% at 20°C (15) . Interference due to the N-to-A transition precludes determining the affinities and relative abundance of the two binding modes at physiological temperatures. Extrapolation of the available data suggests that the levels of receptor used in this study should be sufficient to guarantee high occupancy of the available sites but are probably insufficient to guarantee full occupancy (60 sites/virion). Indeed, preliminary titrations with sPvr suggested that further increases in the rate of conversion of virus could be achieved at higher concentrations (data not shown). However, limitations in the availability of sPvr preclude working at concentrations sufficient to guarantee full occupancy and maximal rates, and with minor caveats as noted, the implications of the results presented below are expected to be independent of changes in occupancy.
Since the working temperature range of the experiments went beyond physiological temperatures, we first determined the heat stability of sPvr by differential scanning calorimetry (Fig. 1) . The rate of the scan (0.5 C/min) was chosen such that the time the sample spends at elevated temperature was similar to the total time course of the N-to-A conversion of virus-R78206 complex at high temperature. At this scan rate, the heat denaturation of sPvr begins at 43°C and peaks at 57°C. However, the rate of thermal denaturation is negligible at temperatures below 45°C. This observation together with the linearity of the kinetics of the N-to-A conversion suggests that thermal inactivation of the receptor is insignificant over the entire range of temperatures used in this study and can be ignored.
In the presence of receptor, the N-to-A transition obeys first-order kinetics ( Fig. 2A) . When the antiviral compounds R77975 and R78206 (8) were added to the conversion reactions at 40 M in 0.1% DMSO, the reactions still obeyed first-order kinetics, but the rate constants were lower than for the sample with virus alone, as expected ( Fig. 2B and C) . R77975 and R78206 have MICs of 3.061 M and 8 nM, respectively (8) . The observed reduction in rate constants with respect to virus in the absence of drug is consistent with this ordering, because R78206 reduces the rate significantly more than R77975. In all cases, the rate at any given temperature is significantly higher than the rate in the absence of receptor, confirming that the receptor facilitates the conversion.
To ensure that the precipitated counts were due to A particles and not 80S particles, aliquots from the highest temperature and longest incubation time for each data set were analyzed on 15 to 30% sucrose gradients. The dominant products were A particles, and 80S particles were not observed even under the most extreme conditions (Fig. 3) .
sPvr reduces the activation energy for the N-to-A transition. The Arrhenius equation states that for a first-order reaction obeying simple transition state kinetics, the rate constant for a reaction is exponentially dependent on the temperature: k ϭ A exp (ϪE a /RT), where k is the rate constant, E a is the activation energy, R is the gas constant (1.98 cal/mol deg), and T is the temperature in kelvins. The preexponential factor A is described by the relation A ϭ (k b T/h) exp (⌬S † /R), where k b is Boltzmann's constant, h is Planck's constant, and ⌬S † is the entropy difference between the ground state and the activated complex. Thus, a plot of the natural logarithm of the first-order rate constant versus Ϫ1/RT should yield a line with a slope that is equivalent to E a and a y intercept that is proportional to ⌬S † . In the presence of receptor, the virus and virus-drug complexes produce linear Arrhenius plots, indicating that the firstorder rate constants are dependent on a single exponential function as required by simple transition state theory (Fig. 4) . The linearity of the Arrhenius plots is maintained over a significant range of temperatures, suggesting that facilitation of the conversion occurs via a single mechanism over a wide range of temperatures. Similar behavior has been previously reported for the N-to-A transition of virus and virus-drug complexes in the absence of receptor (25) . The addition of sPvr reduces the E a of the N-to-A transition by 50 kcal/mol (95 kcal/mol for virus plus sPvr, versus 145 kcal/mol for virus alone) (Fig. 4 and Table 2 ). Increased occupancy of the receptor might be expected to induce a further decrease in E a . Thus, as predicted, the receptor is behaving like a classic transition state theory catalyst, accelerating the rate of the transition by lowering the activation barrier.
In contrast to previous studies that showed that the capsidbinding drugs do not alter the E a for the thermally mediated N-to-A transition, both R77975 and R78206 significantly elevate the E a for the receptor-mediated N-to-A transition (Fig. 4 and Table 2 ). The relatively small increase in E a for the R77975 complex could be attributed to a reduction in the affinity of the receptor for the virus-drug complex. However, the E a for the virus-R78206 complex in the presence of receptor (290 kcal/mol) is significantly higher than the E a for the virus-R78206 complex in the absence of receptor, and the increase must therefore reflect an enthalpic contribution of drug binding to the reduction in the rate. Significantly, the rate Table 1 were plotted as a function of Ϫ1/RT, so that the slope of each line is equivalent to E a . Solid lines correspond to data collected in the presence of sPvR; dashed lines represent data collected in the absence of sPvR. No drug (0.1% DMSO), R77975, and R78206 are denoted by {, E, and ‚, respectively. Temperature increases from left to right on the chart. of the N-to-A conversion of the virus-R78206 complex in the presence of receptor is still much higher than that observed for the complex in absence of receptor. The energy that is driving this process forward in the presence of receptor must therefore also have a significant entropic component, corresponding either to a decrease in the entropy of the virus-R78206-receptor complex or an increase in the entropy of the transition state. Kinetic model for the receptor-mediated N-to-A conversion. The results presented above raise two apparent paradoxes. (i) Drug binding has a significant effect on the E a of the receptormediated, but not the thermally mediated, N-to-A conversion.
(ii) The E a for the N-to-A transition of the virus-R78206 complex is actually much higher in the presence of receptor. In the uncatalyzed (thermally mediated) conversion, there is a single transition state, N †, whose activation energy is independent of bound drug (25) (Fig. 5A) . To rationalize the receptor-catalyzed data, we propose a more complex kinetic model (Fig.  5B) , wherein receptor binding introduces additional intermediates and alters the rate-determining step of the reaction. The model contains three assumptions: (i) There is an activated intermediate (N‫ء‬R) in the receptor-mediated reaction pathway that includes virus, receptor, and perhaps ligand; (ii) the transition between the initial virus-receptor complex (NR) and the activated virus-receptor complex (N‫ء‬R; denoted by the transition state N †R in Fig. 5B ) is rate limiting (at least for the drug complexes); and (iii) the drugs significantly increase the enthalpy of activation (and thus E a ) for this step in the reaction pathway. The simplest model for how drugs might increase E a for this step is one in which the formation of activated virusreceptor complex requires a conformational adjustment that can only occur if the drug (or pocket factor) is expelled from the pocket. The absence of the drug (or pocket factor) would be expected to substantially reduce the stability of the virus (16) . Expulsion of the drug would require energy, and the energy requirement would be lowest for pocket factor, intermediate for R77975 (which is a relatively poor drug), and highest for R78206 (which is a nanomolar inhibitor of poliovirus replication). A recent study demonstrates that drug binding interferes with receptor binding at low temperature (4°C) but not at room temperature or physiological temperature, suggesting that formation of a tight-binding complex between virus and receptor requires enthalpically regulated conformational adjustments of the virus or receptor (5). These conformational adjustments required for tight binding may be related to the proposed activation of the receptor.
Low resolution cryoelectron microscopy structures of the virus-receptor complexes have been reported recently. These structures revealed no significant structural alterations at the resolution of the reported structures (ϳ22 Å ), although one of the studies raised the possibility that pocket factor may have been expelled in the complex. Because the complexes used in the structural studies were formed at high virus and receptor concentrations in the cold, it is not yet clear whether the structures represent the initial complex or the tight-binding complex. Further studies characterizing the structure of the virus-receptor complexes at higher resolution as a function of temperature, or the structure of virus-drug-receptor complexes at low temperature, may resolve these questions. (A) Reaction pathway for the uncatalyzed (thermally mediated) conversion. The pathway proceeds through a single transition state, N †, whose E a is independent of drug binding (25) . (B) Reaction pathway for the receptor-mediated conversion. Binding of the receptor to N produces an initial virus receptor complex, NR. The receptor-mediated reaction goes through an intermediate, the activated virus receptor complex N‫ء‬R. R77975 and R78206 raise the E a of the transition state for this step, N †R, such that it becomes rate limiting. The horizontal dashed line represents the energy barrier for the uncatalyzed reaction, which is 145 kcal/mol.
